Integrins: A role for adhesion molecules in olfactory memory  by Connolly, John B & Tully, Tim
R386 Dispatch
Integrins: A role for adhesion molecules in olfactory memory
John B. Connolly and Tim Tully
A gene required for short-term memory in Drosophila,
Volado, encodes an a integrin and is preferentially
expressed in the mushroom bodies of the adult brain.
Adhesion molecules of this kind may play a role in
olfactory memory by altering the strength of synaptic
connections in an experience-dependent manner.
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Over the past twenty years, a handful of mutants with
faulty learning and memory have been identified in the
fruitfly Drosophila melanogaster (Figure 1). Amongst the first
such mutants to be discovered were dunce and rutabaga; the
corresponding genes encode a cAMP phosphodiesterase
and an adenylyl cyclase, respectively [1]. Earlier studies in
the sea slug Aplysia had implicated the cAMP pathway in
the molluscan correlate of memory formation [2], and this
functional conservation at the molecular level has made a
significant impression on this emerging field of study. By
now, a number of other components of the cAMP pathway
have been shown to participate in memory formation [1].
The molecular genetic approach to learning and memory is
thus proving very fruitful, and the most recent genetic
studies of fly learning have now uncovered a role for adhe-
sion molecules in short-term memory [3].
The mushroom bodies
Another property of the Dunce and Rutabaga proteins has
also hinted at functional conservation of the memory
apparatus in insects, this time at the anatomical level.
Immunolocalisation of both proteins has shown that they
are enriched in a region of the adult fly brain known as the
mushroom bodies (Figure 2) [4,5]. Several functional
studies have also pointed to a role for the mushroom
bodies in insect memory. In the honeybee Apis mellifera,
for example, regionalised cooling of the mushroom bodies
following olfactory conditioning produces amnesia [6].
Electrophysiological studies have also detailed changes in
the electrical properties of certain mushroom body
neurons during associative learning in bees [6].
In Drosophila, previous work comparing flies grown in an
‘enriched’ versus a ‘deprived’ environment revealed an
experience-dependent expansion in mushroom body
volume, suggestive of a ‘memory trace’ [7]. In dunce and
rutabaga mutants, such experience-dependent expansion
of the mushroom bodies is not observed [8]. Fly mutants
which show an abnormal mushroom body morphology,
such as mushroom body miniature, are also defective in olfac-
tory learning [9]. More direct interventionist studies have
provided further support for the view that mushroom
bodies play an essential role in fly memory. Treatment
with hydroxyurea during early fly development leads to
the complete, and relatively specific, ablation of the
mushroom bodies in the adult, and this structural defect is
associated with a complete loss of olfactory learning [10].
Trapping memory signaling pathways
More recently, it has been possible to limit disruption of
the cAMP pathway to the mushroom bodies in transgenic
flies, particularly by taking advantage of the ‘enhancer trap’
lines now available which enable transgene expression to
Figure 1
The fly teaching machine. (a) For training, flies
are trapped in the upper ‘training tube’ and
simultaneously exposed to electric shock with
one of two pure odors. (b) For testing, the
flies are then lowered via an elevator in a
sliding central compartment to a choice point,
where they choose between the two odors
used during training. A shift in the 50:50 naive
distribution of flies indicates learning; typically
95% of flies avoid the shock-paired odor
immediately after training.
be directed to a wide range of specific parts of the fly,
including the mushroom bodies. Thus the expression in
mushroom bodies of a constitutively-activated Gαs protein
— part of the trimeric G protein that transduces a signal
leading to activation of adenylyl cyclase — was found to
cause a similar impairment of olfactory learning to mush-
room-body ablation [11]. 
Davis and colleagues have also attempted to identify
enhancer trap lines which show preferential expression of
a reporter gene in the mushroom bodies [12,13]. Their
hope was that selection of such enhancer trap lines would
allow the identification of endogenous fly genes that are
specifically expressed in the mushroom bodies, and that
the disruption of such genes by the enhancer-trap transpo-
son — which carries a reporter gene — might produce
olfactory-conditioning mutants. This strategy appears to
have paid off. Enhancer trap lines where the reporter
inserted near dunce and rutabaga genes have been recov-
ered, as might be predicted [13]. Other lines were recov-
ered in which the reporter inserted into DC0, the gene
encoding the catalytic subunit of cAMP-dependent
protein kinase [14], adding further weight to the sugges-
tion that cAMP signaling in the mushroom bodies is
required for olfactory learning. 
But is cAMP signaling the be-all and end-all of fly memory
formation? Clearly not. From the same enhancer trap
screen came the isolation of a gene encoding a fly isoform
of a 14-3-3 protein. This gene is expressed in mushroom
bodies and is required for olfactory learning [15]. Earlier
studies have ascribed a role for 14-3-3 proteins in the
Ras/Raf intracellular signaling pathway, and in the tyrosine
hydroxylase pathway that leads to the biosynthesis of
catecholamine neurotransmitters, hinting at the participa-
tion of these pathways in fly memory formation. 
The integrin Volado
The latest installment in the mushroom body saga is the
identification of the Volado gene [3]. Plasmid rescue of
one enhancer-trap line which showed mushroom-body-
specific reporter gene expression provided an entry-point
to the Volado locus. Molecular analysis revealed that the
enhancer-trap transposon had inserted into a novel gene,
encoding two different isoforms of a fly α integrin. These
long and short forms differ by 63 amino acids. Two mutant
Volado alleles have been identified, in which the insertion
disrupts sequences required for either the short or the
long form of the α integrin. In either case, memory is
defective when tested as early as possible after training —
three minutes — and also at later time points [3].
Conventional wisdom from earlier memory research might
not necessarily have predicted that an adhesion molecule
— such as an integrin — would be involved in such short-
term memory processes. There is evidence implicating
another adhesion molecule — one related to the ‘neuronal
cell adhesion molecule’ (NCAM) — in the formation of
new synaptic connections associated with long-term facili-
tation (LTF), an electrophysiological correlate of long-
term memory, in Aplysia [16]. These effects depend on
changes in the actual amounts of the adhesion molecule,
rather than on modulation of the pre-existing protein [16].
This means that, despite the apparently normal gross
neuroanatomy of the mushroom bodies in Volado mutant
flies, chronic loss of Volado function might cause physio-
logical miswiring early in brain development. For this
reason, the effects of loss of Volado function on learning
could be indirect. 
To address this concern, Grotewiel et al. [3] used a heat-
shock inducible transgene to analyse the effects of acutely
expressing Volado in mutant adults. Ectopic expression
from a heat-shock promoter has been successfully
employed in several previous memory studies [17]. These
include the rescue of the learning mutant linotte [18], and
the enhancement of long-term memory in wild-type flies
by over-expression of an isoform of ‘cyclic AMP response
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Figure 2
A cartoon of the fly brain within the head capsule. The mushroom bodies
are shown in green. Their cell bodies are located on the posteriodorsal
surface of the brain. Below these are the calyces, containing the
dentritic components of mushroom bodies. Mushroom body axons
extend into the central brain to form the α and β/γ lobes. Other
structures, such as the antennal lobes and the ellipsoid and fan-shaped
bodies of the central complex, may also participate in memory formation. 
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element binding protein’ (CREB) [19]. In the case of
Volado, induction of a single pulse of the wild-type protein
was sufficient to rescue the memory deficit of mutant flies
[3]. When the induced protein was allowed to decay over
twenty-four hours in Volado mutant flies, their ability to
learn normally also disappeared. This shows that Volado is
required in the adult for normal olfactory memory. 
One caveat with these experiments is that the flies with
induced Volado expression could only be tested after a
three-hour recovery period following heat-shock. Within
such a time-frame, more subtle synaptic structural defects
could be rescued. Despite this caveat, as far as is possible
with current transgenic technology this study points to the
Volado α integrin having an acute role during olfactory
learning in adults. Moreover, these results suggest that
structural changes may be required for both short-term
and long-term memory processes [19,20].
Integrins and memory
So what could be the function of integrins in memory? At
the cellular level, integrins are believed to relay signals
both from the ‘outside–in’ and the ‘inside–out’. Clearly, a
role for integrins in modulating cell shape and adhesion
fits with the notion that memory formation involves physi-
cal alterations to synaptic connections [21–23]. Such con-
nections can be viewed as in a constant state of flux,
expanding and retracting in response to synaptic activity.
Active synaptic connections are stabilized, redundant ones
lost. Consistent with this notion, integrin inhibitors can
block the stabilization, but not establishment, of long-
term potentiation, another electrophysiological model of
memory formation [24].
Integrin-mediated cell–cell contact in the adult brain may
also require neural activity. For example, activity within
cells could alter the cytosolic surface of integrin receptors
so that affinity for ligand-binding may be modulated in an
activity-dependent manner [21]. This forces us to ponder
what the ligands and β integrin partners of Volado might
be. The combination of various α and β integrin subunits
permits binding to a diverse range of potential ligands.
Certain of these combinations can interact with other
adhesion molecules, notably immunoglobulins [23].
Another fly immunoglobulin-like adhesion molecule,
related to NCAM, is Fasciclin II, which is implicated in
synaptic plasticity and expressed in the mushroom bodies
of the adult fly. Perhaps Volado integrin interacts with
molecules like Fasciclin II during memory formation.
Integrins themselves also appear to play a direct role in
intracellular signal transduction [22]. For instance, in
response to integrin stimulation, protein kinase C (PKC),
phospholipase C (PLC) or the mitogen-activated protein
(MAP) kinase pathways can be activated. Disruption of
PKC signaling can affect behavioural plasticity in flies
[25]. Does Volado influence PKC signaling during
memory formation? Integrin stimulation can also produce
elevations in intracellular Ca2+. The Rutabaga adenylyl
cyclase is both G-protein and Ca2+/calmodulin responsive.
Does integrin signaling modulate this component of the
cAMP pathway via Ca2+ levels? 
One potentially important intracellular feature of integrin
receptors is their ability to link disparate cytosolic compo-
nents with the cytoskeleton [22]. Perhaps Volado facili-
tates the assembly of normally separate signaling
molecules into close physical proximity. This could allow
such ‘tethered’ signaling components to be modulated by
other signaling pathways. It has been reported that α inte-
grin can signal via calreticulin, a major Ca2+-binding
protein [26]. And calreticulin has previously been found to
be upregulated in response to a type of long-term memory
in Aplysia [27]. These observations suggest that integrin
signaling during olfactory memory may occur via calretic-
ulin. In fact, calreticulin may also be able to modulate
gene expression in response to integrin stimulation [26],
and Volado function might thereby influence protein-
synthesis-dependent long-term memory in the fly [20].
Focus on the focus of expression
While all the focus of attention seems to be on the
mushroom bodies, we should perhaps not overlook the
fact that fly memory genes are expressed elsewhere. At
the larval neuromuscular junction, for instance, a role in
synaptic function has been demonstrated for Dunce,
Rutabaga, 14-3-3 and Fasciclin II [1,28]. Intriguingly,
Dunce, Rutabaga, Volado, 14-3-3 and Fasciclin II are also
conspicuously expressed in the central complex of the
adult brain (Figure 2; [3–5,15] and M. Saitoe and T.T.,
unpublished data). These observations may be telling us
something else about the functional expression of genes
and, possibly, the functional distinctions between how the
fly learns and how the fly remembers.
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